Nevertheless, the lead toxicity is still a key problem for commercialization of perov skite solar cells. So far, many research groups have explored replacement of Pb by other metals such as Sn, In, Sr, Bi, Al, Ge, Au, etc., into the perovskite structure. [17] [18] [19] [20] However, to completely substitute Pb with other metals still remains a big challenge. Meanwhile, studies showed that adding these elements at a low concentration to the perovskite can improve its crystal linity and as a result, the performance of solar cell devices. [21] Up to now, Sn is the only choice that can completely replace Pb inside the perovskite lattice and Snbased perovskite solar cell with efficiency around 6% has been reported. Thus, large efforts are still needed to realize Snbased devices whose performance is comparable with Pbbased ones. [22] [23] [24] [25] [26] Replacement of Pb by Sn causes only a small perturbation in the lattice due to their similar ionic radii. It shifts the absorption of the perovskite to the nearinfrared range decreasing its band gap down to below 1.3 eV. [27, 28] Nevertheless, the poor stability of Snbased perovskite is still a big challenge for fabricating Pbfree solar cell devices due to fast oxidation of Sn 2+ to Sn 4+ and moisture attack. [29] [30] [31] In this regard, a binary metal perovskite MAPb x Sn 1−x I 3 (0 < x <1), i.e., partial replace ment of Pb by Sn, is a viable way to fabricate more stable solar cells with decent efficiency compared with pure Sn perovskites. In the past few years, some research groups reported a binary Pb-Sn perovskite solar cell with a maximum efficiency up to 7.27%. [31] [32] [33] [34] [35] Zhao et al. [36] fabricated binary Pb-Sn perovskite solar cell devices using solution process with different con centrations of Sn (0-100%) and they have reported an Snrich (60% Sn) perovskite solar cell device with 10% efficiency which is higher than other concentrations of Sn metal. In addition, Li et al. [37] reported a 50% Snbased perovskite solar cell with 13.6% PCE using a twostep spin coating process, which is the highest performance among MA(Sn x Pb 1−x )I 3 compositions reported to date on single MA cationbased perovskite solar cell devices. Recently, few research groups reported Pb-Sn pero vskite solar cells with higher performance and stability based on triple cation formulations, using a mixture of cesium, for mamidinium, and methylammonium, which are good candi dates for tandem solar cell application. [38, 39] Herein, we propose Fast research progress on lead halide perovskite solar cells has been achieved in the past a few years. However, the presence of lead (Pb) in perovskite composition as a toxic element still remains a major issue for large-scale deployment. In this work, a novel and facile technique is presented to fabricate tin (Sn)-rich perovskite film using metal precursors and an alloying technique. Herein, the perovskite films are formed as a result of the reaction between Sn/Pb binary alloy metal precursors and methylammonium iodide (MAI) vapor in a chemical vapor deposition process carried out at 185 °C. It is found that in this approach the Pb/Sn precursors are first converted to (Pb/Sn) I 2 and further reaction with MAI vapor leads to the formation of perovskite films. By using Pb-Sn eutectic alloy, perovskite films with large grain sizes up to 5 µm can be grown directly from liquid phase metal. Consequently, using an alloying technique and this unique growth mechanism, a less-toxic and efficient perovskite solar cell with a power conversion efficiency (PCE) of 14.04% is demonstrated, while pure Sn and Pb perovskite solar cells prepared in this manner yield PCEs of 4.62% and 14.21%, respectively. It is found that this alloying technique can open up a new direction to further explore different alloy systems (binary or ternary alloys) with even lower melting point.
Photovoltaic Devices
In the past few years, organic-inorganic perovskite solar cells have been improved drastically in terms of solar to electric power conversion efficiency (PCE) and stability. [1] [2] [3] [4] Besides high device performance, low fabrication cost and tempera ture as well as the tunability of their composition and band gap make this group of semiconductors highly promising for optoelectronics applications. [5] [6] [7] [8] [9] Device architecture design, material compositional engineering, and optimization of fab rication process of perovskite materials have been explored in www.advmat.de www.advancedsciencenews.com a novel solventfree fabrication process for perovskite solar cells based on a chemical vapor deposition (CVD) technique. The perovskite film is formed as a result of reaction between a Pb/Sn metal alloy and methylammonium iodide (MAI) inside a tubular furnace at 185 °C for 40 min under argon atmos phere. In particular, we fabricate perovskite films exhibiting large grain size and excellent crystallinity from a liquid Pb/Sn alloy with the eutectic composition of 62 wt% Sn. By careful selection of metal precursors and using the alloying technique we have achieved good control of the composition, morphology, and crystallinity of the perovskite film. Finally, we realize an Sn rich perovskite solar cell with 14.04% PCE, which is the highest performance so far for Snrich single cation MA(Sn x Pb 1−x )I 3 . Figure 1 shows the phase diagram of the Pb-Sn system [40] and the schematics for the reaction mechanism occurring in our approach. We introduce a new and facile method to fabricate perovskite films directly from Pb or Sn metal and their alloys using a tubular CVD furnace, as shown in Figure 1b Table 1 . In order to fabricate the perovskite film, the metal coated substrates were placed inside the CVD tube furnace besides the MAI powder (Figure 1b ) and the reaction was performed at 185 °C for 40 min in argon atmosphere. As shown in Figures 1c 1 -c [40] b) schematic of the CVD furnace and growth condition of perovskite film, and c) schematics of reaction details of metals film with MAI, resulting in perovskite film formation. ( )
In reaction (1), MAI reacts with Pb/Sn (Figure 1c) , resulting in the formation of an intermediate phase, i.e., (Pb/Sn)I 2 film. Subsequently, the perovskite film is formed via the reaction between MAI and (Pb/Sn)I 2 (Figure 1b,c) . Equation (3) presents the overall stoichiometry of the conversion process. Interestingly, this reaction leads to large volume increase by a factor of 8.35 and 4.60 for Pb and Sn perovskite, respectively. [42] [43] [44] The thick ness of metal precursors for the fabrication of perovskite film is controlled according to these volume ratios. In order to further study the thickness of perovskite film based on different compo sitions, we have deposited metal and alloy precursors with dif ferent thicknesses, i.e., 15, 30, 45, and 60 nm, on silicon wafers. After completion of the reaction, the final thickness of perovskite films was measured using an Alphastep 200 (Tencor) profilom eter. Figure S1 (Supporting Information) shows the results of this test, confirming that the volume increase accompanying the conversion of Pbbased films is larger than Snbased ones. Thus, by increasing the amount of Sn in the precursor, the final thickness of perovskite film is decreased. These results are in good agreement with the calculated values of volume increase for pure Pb and Sn compositions. In fact, the key advantage of our film growth approach here is that the perovskite film can be directly grown from a liquid metal phase. As shown in the phase diagram in Figure 1a , increasing the Sn concentration decreases the melting point of Pb-Sn alloys till the minimum of 183 °C is reached at the eutectic composition in the Pb-Sn phase diagram. [31] Since the reaction temperature in our CVD process is 185 °C the perovskite is formed directly from molten eutectic alloy film. In this case, all atoms and mole cules can find energetic favorable positions to pack up and form large crystals. Figure S3 (Supporting Information) with high resolution. By increasing the reaction time, perovskite films with high crystallinity are formed as shown in Figure 2b 3 ,c 3 ,d 3 . As seen, the film grown from the eutectic Pb/Sn alloy has grain sizes up to 5 µm which is much larger than the film grown from pure Pb and Sn metals. This is due to the fact that the reaction of MAI occurs here with the liquid metal favoring the formation of large size crystals. As shown in Figure 2c 2 , the number of Pb/SnI 2 nucleuses for eutectic alloy composition is less than other compositions, resulting in lower number of grains with larger size. This is due to higher nucleation energy for eutectic alloy in liquid phase. This phenomenon can certainly be exploited to fabricate perov skite film with highquality crystal structure. As shown in Figure  S2 (Supporting Information), the grain size of perovskite films for other two alloys is slightly larger than pure lead and tin perov skite films. For these alloys, the regions located at over 183 °C (Figure 1a ) are mushy zone with semisolid phase and thus the reaction occurs faster due to higher diffusion rate of atoms, resulting in larger grains as compared to pure Pb and Sn ones. Figure S4 (Supporting Information) shows different growth stages of perovskite film based on eutectic alloy. As shown in Figure S4c (Supporting Information), the initial nuclei are big enough in order to form perovskite film with large grain size. It is worth pointing out that the grain size of perovskite film is increased by increasing the reaction temperature; however, the film quality is decreased due to the faster decomposition of perov skite layer, as illustrated in Figure S5 (Supporting Informa tion). The EDAX elemental mapping of lead, tin, iodine, and carbon in Figure S6 (Supporting Information) confirms their uniform distribution in the perovskite film based on eutectic alloy. Furthermore, the EDAX analysis proves that the relative amount of Pb and Sn in the perovskite remains the same as the eutectic alloy.
In addition, we examined the oxidation of Snbased alloys after conversion to the perovskite using Xray photoelectron spectroscopy (XPS). Figure S7 (Supporting Information) shows the highresolution spectrum of Sn 3d after deconvolution. The results demonstrate that Sn 2+ is easily oxidized into Sn 4+ due to the unstable nature of Sn(II)based perovskite. After deconvolution of the spectra, there are four peaks located at 485.8 and 495.6 eV for Sn 2+ and 486.8 and 496.5 eV for Sn 4+ . As shown in Figure S7 (Supporting Information), there is a tendency that the intensity of Sn 2+ peak is decreased, whereas the intensity of Sn 4+ peak is increased upon augmenting the Sn level in the perovskite composition. This suggests that the presence of Pb(II) stabilizes Sn in its 2 + state. In fact, the main reason for observing the Sn 4+ peak in the spectrum is the expo sure of Snbased films to air before XPS measurement, as pre viously reported in the literature. [36, 37] In order to further study the composition of the perovskite film fabricated by the CVD method, Xray diffraction pat terns were recorded for metal films, intermediate phases after 20 min reaction time, and perovskite films formed from the reaction between metal precursor and MAI after 40 min, for pure Pb, eutectic alloy, and pure Sn, respectively, as shown in Figure 3 . Initially, the pattern of the eutectic alloy shows peaks at 32°, 36°, 44°, and 52° from Pb(111)/Sn(101), Pb(200), Sn(220), and Pb(220) facets, respectively. [42] After 20 min reac tion for pure Pb, eutectic alloy, and pure Sn, strong peaks located at 12.6° appeared, indicating the presence of (Pb/Sn) I 2 phases formed as an intermediate product during the CVD reaction, [42] as expressed by reaction (1) . New patterns appeared after 40 min reaction time for all compositions with the main www.advmat.de www.advancedsciencenews.com XRD reflections located at 14°, 28°, and 43°. These arose from the (110), (220), and (330) planes of the perovskite phase with tetragonal crystal structure, respectively. [36] Moreover, the lack of (Pb/Sn)I 2 peaks (12.6°) indicates that the conversion of the metal iodide to perovskite by MAI is stoichiometric. Notably, the perovskite film formed from eutectic alloy shows www.advmat.de www.advancedsciencenews.com a single crystallike XRD pattern with dominant {110} growth orientation. This is consistent with the aforementioned unique growth directly from the molten eutectic alloy.
To gain a better understanding of the role of Sn element at different concentrations within the perovskite structure, the absorbance, steady state, and transient photoluminescence (PL) spectra of samples are measured as shown in Figure 4 . Figure 4a shows that the perovskite absorption edge shifts to longer wavelengths by substituting Pb 2+ with Sn 2 decreasing the band gap. [31, 32] Above 80% Sn, the absorption edge decreases from 1010 to 950 nm, resulting in a band gap of 1.28 eV for pure Snbased perovskite film. A similar trend appears in the PL spectra, as illustrated in Figure 4b , where the PL spectra of both 62% and 80% Sn perovskite films are redshifted as compared to the pure Sn formulation, which is in good agreement with the absorption results. Such behavior deviates from Vegard's law [29] and has been attributed to the competition between the spin-orbit coupling of Pb and Sn ions in the perovskite lattice. The difference in their ion radii causes lattice distortions that affect the extent of coupling depending on the composition of the mixed phase. [37] To further study the effect of Sn concentra tion and alloying technique on optical properties, transient PL intensity profiles of perovskite films are measured and shown in Figure 4c with the fitting parameters illustrated in Table S1 (Sup porting Information). The results indicate that the PL lifetime of large grain perovskite film with 62% Sn concentration is around 91 ns which is longer than that observed for the other perovskite compositions. Thus, the perovskite film with large grain size derived from the eutectic alloy shows the longest PL lifetime. In fact, the PL decay lifetime is decreased down to 3.6 ns for the pure Sn perovskite film. This is likely to be the reasons for the lower performance of perovskite solar cell devices with high con centration of Sn. These results confirm that by controlling the film crystallinity and grain size, the PL lifetime of perovskite film with high concentration of Sn can be enhanced drastically.
The photovoltaic (PV) properties of perovskite films with dif ferent concentrations of Sn fabricated by the CVD process using metal precursors have been evaluated to further investigate the role of Sn in perovskite lattice, as demonstrated in Figure 5 . The crosssectional SEM image of perovskite solar cell based on Pb-Sn alloy is shown in Figure 5a . The device architecture consists of an ITO glass covered by a 40 nm thick TiO 2 layer as blocking layer, a perovskite film with a thickness of ≈370 nm, a layer of spiroOMeTAD as hole transfer material (≈150 nm), and 100 nm thick gold as contact electrode. Figure 5b shows the current density-voltage (J-V) curves of perovskite solar cells with different concentrations of Sn under simulated (AM 1.5G) solar irradiation. The device performance parameters are summarized in Table 2 . Figure S8 www.advmat.de www.advancedsciencenews.com different Sn contents. For each Sn composition, we measured seven devices to obtain the statistics. As shown in Table 2 , the highest and lowest efficiencies are from pure Pbbased and pure Snbased perovskite solar cells with PCEs reaching 14.21% and 4.62%, respectively. Interestingly, among the binary solar cells, eutecticalloybased device obtains the best performance reaching 14.04%, with a V oc of 0.796, high J sc of 25.5 mA cm −2 , and FF of 69.2%, which is comparable with pure Pbbased device. The perovskite device with the lowest band gap of 1.22 eV, i.e., 80 wt% of Sn content, shows a PCE of 7.07%. To the best of our knowledge, these binary Pb-Sn devices are among the highest efficiencies achieved so far for Snrich binary Sn/Pb metal perovskite solar cells. [32] [33] [34] [35] Figure S9 (Sup porting Information) demonstrates hysteresis data for eutectic alloybased device, indicating a negligible hysteresis value. In addition to PV measurement results, the external quantum efficiency (EQE) spectra, as shown in Figure 5c , are consistent with the absorbance and J-V results. The calculated J sc from EQE curves (Table 2) well matches with PV results. In fact, the devices with Sn contents show lower EQE at longer wavelengths due to lower absorption in the IR range. Among these devices, the eutecticalloybased device exhibits the highest absorption in the IR region due to the better crystallinity, resulting in a high J sc reaching 25.5 mA cm −2 . Figure 6a depicts that the best performing perovskite device based on eutectic alloy reaches a stabilized power output of 13.1% (inset graph), which is cal culated from scanrate independent maximum power point tracking for 60 s. The stability test of this device compared with pure Pbbased one after packaging with epoxy is shown in Figure 6b . After 100 h under continuous light illumination, the eutecticalloybased device still maintained 90% of its ini tial PCE, which is comparable with the pure Pbbased device. Figure 6c shows the J-V curves of perovskite film with different thicknesses (250, 300, 370, 400, and 450 nm) for devices based on eutectic alloy. In fact, the thickness of films in the CVD method has been controlled by thickness of metal precursors. The results indicate that perovskite film with 370 nm thickness is the optimum value due to the higher J sc and PCE. Gener ally, in a typical solar cell device, when the thickness of the absorber layer is increased, the J sc increases due to more light absorption leading to an increase in V oc (V oc ∼ ln( J sc /J 0 )). How ever, upon increasing the thickness more than an optimum value, both J sc and V oc start to drop due to Shockley-Reed-Hall recombination. [45, 46] Figure 6d shows the effect of the CVD pro cessing temperature on the PCE of perovskite solar cells. In this experiment, the reaction has completed at 155, 170, 185, 200, and 215 °C temperatures in the CVD furnace. The PV results demonstrate that the forma tion of perovskite film at 185 °C provides the best film quality, resulting in the highest J sc and PCE values. In conclusion, herein we demonstrate a novel method for producing metal halide perovskites based on the direct conver sion of metallic Sn, Pb, or Sn-Pb alloys by chemical reaction with MAI vapor. And Snrich mixed Sn/Pb perovskite films of highquality crystals and large grains size over 5 µm have been successfully fabricated. In this unique approach, the perovskite film is formed directly from metal precursors through a two step reaction. Using EDAX analysis and XRD tests, it is shown that PbI 2 /SnI 2 is formed as the intermediate phase of the reac tion between metal precursors and MAI molecules. We have grown large grain size perovskite film with high quality from the liquid phase of a Pb-Sn eutectic alloy (62 wt% Sn) by expo sure it to gaseous MAI at 185 °C. The optical measurements show that replacing Pb ions by Sn ions (from 0 to 80 wt% Sn content) reduces the optical band gap of perovskite films from 1.55 to 1.22 eV. Upon augmenting the Sn content further from 80 to 100 wt% the band gap increases again to 1.32 V. Perovskite films fabricated by our new method show a PCE of 14.21% and 4.62% for pure Pb and pure Snbased perovskite solar cells, respectively. Remarkably, a perovskite solar cell based on the Pb-Sn eutectic alloy reaches a PCE of 14.04%, which is among the highest efficiencies for Snrich devices. Overall, the approach developed here can enable a new and facile fabrica tion process for a wide variety of perovskite films with different compositions. In fact, the developed alloying technique can be further used to explore the role of different metal elements on perovskite films using various binary or ternary alloy systems, suggesting a new direction of perovskite research.
Experimental Section
Synthesis of TiO 2 Nanocrystals: A nonhydrolytic sol-gel method was employed to synthesize TiO 2 nanocrystals, as reported elsewhere. [47] Briefly, first TiCl 4 (0.5 mL) was added slowly under stirring to ethanol (2 mL), followed by addition of 10 mL benzyl alcohol to obtain a yellowish solution. This was heated up to 80 °C for 5 h resulting in the formation of a slightly milky suspension. Subsequently, 200 mL diethyl ether was added to the suspension, followed by centrifuging in order to collect the whitish precipitate. The final product was washed with absolute ethanol and diethyl ether several times using a centrifuge. Afterward, we dispersed the TiO 2 nanocrystals in ethanol at a concentration of ≈7 mg mL −1 . Finally, titanium bis-acetylacetonate (15 µL mL −1 ) was added to the suspension to stabilize the TiO 2 nanocrystals.
Device Fabrication: ITO glass substrates were cleaned in acetone, detergent, deionized water, and ethanol using ultrasonic treatment for 20 min, respectively. After 20 min of ozone plasma treatment, a 40 nm thick TiO 2 layer was spin-coated on the ITO substrates using the colloidal TiO 2 solution (2500 rpm, for 35 s), followed by annealing at 150 °C for 30 min in ambient air. This process was repeated twice. Then, Pb/Sn metals with different thicknesses were thermally evaporated on the TiO 2 -coated ITO glasses. The alloy composition was controlled by the thickness of Tin and Lead films. In this case, Pb and Sn metals were evaporated separately in two steps without breaking the vacuum. The alloys were formed by heating the substrates up to their melting point in order to get a uniform alloy composition. The composition was controlled by EDAX analysis. Subsequently, the substrates with metal or alloy films were transferred into a tubular CVD furnace (1 in. quartz tube) and placed into two small quartz containers at the center of tube close to the thermocouple. The MAI powder was spread inside the small tube beside the substrates. Thereafter, the reaction between MAI and Pb/Sn-coated substrates was performed at 185 °C for 40 min under continuous argon flow at a rate of 100 standard cubic centimeters per minute. After completion of the reaction, the samples were transferred into a nitrogen glovebox. Then, the surface of perovskite film was treated with isopropanol containing poly(4-vinylpyridine) (PVP) with a concentration of 0.1 mg mL −1 by spin coating at 4000 rpm for 30 s. This step is necessary to passivate the perovskite interface. [48] In fact, a thin layer of PVP can help to protect Sn-based perovskite film from spiro solution and make a more stable film. In order to complete the device, spiro-OMeTAD (Lumtec, Taiwan) solution (80 mg mL −1 chlorobenzene) containing 17.5 µL Li-bis(trifluoromethanesulfonyl)imide/acetonitrile (500 mg mL −1 ) and 28.5 µL TBP was spin coated onto the perovskite film at 4000 rpm for 20 s, followed by thermal evaporation of 100 nm thick gold as an electrode. The active area of device was 0.1 cm 2 .
Film Characterization: Field-emission scanning electron microscopy (Hitachi S4160, Japan) equipped with energy-dispersive X-ray spectroscopy was used to study the thickness, morphology, and composition of perovskite device. X-ray diffraction (Bruker D8 X-ray Diffractometer, USA) utilizing a Cu Kα radiation was performed for phase characterization. X-ray photoelectron spectroscopy measurements were performed by using a hemispherical analyzer and an Al Kα X-ray source (1486.6 eV) operated at 10 −7 Pa. A Varian Carry 500 spectrometer (Varian, USA) was used to record the optical absorption of samples. Steadystate photoluminescence spectra were measured with an Edinburgh Instruments FLS920P fluorescence spectrometer. A picosecond pulsed diode laser (EPL-405, excitation wavelength 405 nm, pulse width 49 ps) was employed for lifetime measurements. PL decay curves were analyzed using fitting a stretched exponential function I(t) = I 0 exp(−(t/τ) β ), where τ is the decay time and β is a stretch parameter. All film characterizations were performed in air after encapsulation due to Sn oxidation.
Device Characterization: The solar devices were measured at AM 1.5G simulated by an Abet Class AAB Sun 2000 simulator (with an intensity of 100 mW cm −2 ). The illumination power on the samples was calibrated by using a standard Si solar cell. A 2400 Series Source Meter (Keithley, USA) instrument was employed to measure the current density-voltage (J-V) data. The voltage range for J-V sweeps was between −1.2 and 0 V, with a step size of 0.005 V and a delay time of 200 ms at each point. For external quantum efficiency spectra, a constant white light bias of nearly 5 mW cm −2 using Oriel QE-PV-SI (Newport Corporation) was used. All devices were measured inside a nitrogen glovebox.
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